Heat shock proteins are important mediators of skeletal muscle insulin sensitivity. Exerc. Sport Sci. Rev., Vol. 39, No. 1, pp. 34Y42, 2011. Endogenous heat shock proteins (HSP) are decreased in disease states associated with insulin resistance and aging. Induction of HSPs has been shown to decrease oxidative stress, inhibit inflammatory pathways, and enhance metabolic characteristics in skeletal muscle. As such, HSPs have the potential to function as an important defense system against the development of insulin resistance and type 2 diabetes.
INTRODUCTION
A small study done by Hooper (11) more than 10 yrs ago caught our interest for its simplicity and seeming improbability. Patients with type 2 diabetes were subjected to hot tub ''heat therapy'' over the course of 3 wks and demonstrated modest improvements in fasting plasma glucose and glycosylated hemoglobin levels. We recently performed a similar study in rodents and found that heat treatment prevented the development of peripheral insulin resistance in response to a high-fat diet (HFD) (8) . As we continue to learn more about the heat stress response and the functions of heat shock proteins (HSPs) in insulin-sensitive tissues, the initial findings from Hooper seem less and less incredulous. HSPs serve as one of the body's major endogenous defense systems against oxidative stress. Currently, there is widespread clinical interest in HSP function in a number of human pathologies, including cancer, neurodegenerative conditions, aging, cardiovascular disease, and more recently, type 2 diabetes. Treatment strategies aimed at enhancing the body's endogenous defense system of HSPs could have a profound impact on future approaches to disease prevention and treatment.
Given the multitude of cellular responses that occur as a result of heat stress, there are numerous potential mechanisms for the beneficial effects of heat treatment on insulin sensitivity observed in our rodent model. We hypothesize that increased HSP expression results in a reduction of inflammatory pathways known to inhibit insulin signaling. In addition, HSP could mimic the beneficial effects of exercise on skeletal muscle by increasing demand for adenosine triphosphate (ATP). Increased energy demand would serve to maintain mitochondrial function via enhanced flux through the tricarboxylic acid cycle (TCA) cycle and reduce oxidative stress in the presence of excess nutrition. These hypotheses regarding the effects of HSPs on skeletal muscle insulin action and glucose metabolism are examined in the following review. Given the increasing prevalence of type 2 diabetes and obesity today, a combination of lifestyle modification and pharmaceutical intervention will be necessary to prevent and treat type 2 diabetes and its complications. Although insulin sensitizers like metformin and the thiazolidinediones (TZD) have been very effective, the recent cardiovascular complications identified with TZD create increased demand for glucose-lowering drugs that work through a new target pathway. O-(3-piperidino-2-hydroxy-1-propyl) nicotinic amidoxime dihydrochloride (BGP-15), one of a class of hydroximic acid derivatives shown to activate HSP72, has demonstrated an insulin-sensitizing effect in humans in early clinical trials (20) .
TYPE 2 DIABETES IS CHARACTERIZED BY DECREASED HSP EXPRESSION
A progressive decline in the body's ability to detect and respond to stress could result in the development and/or acceleration of a number of disease states associated with oxidative stress. Aging, hyperlipidemia, and type 2 diabetes are associated with a diminished heat stress response, as measured by decreased expression of HSP72. Best known for their chaperone function, HSPs aid in protein refolding, target damaged proteins for degradation, protect proteins against aggregation, and maintain the overall integrity of cellular components (23) . HSPs also have less well-characterized roles as antioxidants and in the inhibition of apoptosis and inflammation. In the first study to examine HSPs in diabetes, Kurucz et al. (16) demonstrated that reduced skeletal muscle HSP72 gene expression correlates with the degree of insulin resistance in individuals with type 2 diabetes. These findings were further supported by Bruce et al. (3) and, more recently, Chung and colleagues (4) demonstrated that HSP72 protein expression is decreased in skeletal muscle from obese insulin-resistant humans. Evidence from animal models support these findings in humans and demonstrate decreased HSP72 and HSP25 in insulin-resistant muscle from aged rats (6) and impaired HSP72 synthesis in rats with streptozotocin (STZ)-induced diabetes (1). Atalay and colleagues (1) further showed that although endurance exercise training up-regulated HSP72 expression in STZ rats, the response was significantly blunted compared with nondiabetic rats.
A blunted HSP response and decreased HSP expression in insulin-resistant tissue could be the result of inflammatory inhibition of the primary HSP transcription factor, heat shock factor 1 (HSF-1). HSF-1 has several layers of regulation including negatively regulated feedback control through interaction with HSPs (23) and phosphorylation by protein kinases (Fig. 1 ). Overactivity of stress kinases capable of phosphorylating HSF-1 on serine residues may repress HSF-1 activation in insulin-resistant tissue. Glycogen synthase kinase 3 (GSK-3), extracellular regulated kinase (ERK), and c-Jun NH 2 -terminal kinase (JNK), protein kinases closely associated with the development of insulin resistance, are known to negatively regulate HSF-1 by phosphorylation on serine residues 303, 307, and 363, respectively (13) . Constitutive phosphorylation of HSF-1 on serine residues holds HSF-1 in an inactive state under normal physiological growth conditions. The release of HSF-1 serine phosphorylation causes HSF-1 to translocate to the nucleus, trimerize, and bind to heat shock elements (HSE) necessary for new HSP synthesis. Regulation of HSF-1 and inhibition of the heat stress response in a rodent model of insulin resistance has yet to be examined.
THE INSULIN-SENSITIZING EFFECTS OF HEAT TREATMENT
Although the ability of heat therapy to modestly lower blood glucose levels in humans was demonstrated more than 10 yr ago, the first evidence to show that heat treatment could prevent insulin resistance in a rodent model in vivo was demonstrated only recently by Chung and colleagues (4) . In response to heat treatment (core body temperature increased to 41.5-C for 15 min), a transient increase in HSP72 expression was observed in skeletal muscle, liver, and adipose tissue that decreased by 24 h. This heat stress response was blunted in rodents placed on an high fat diet (HFD). Despite a blunted acute heat stress response in mice fed an HFD, weekly heat treatment attenuated the detrimental effects of an HFD in mice (4) and rats (8) . In a study from our laboratory, male Wistar rats were fed an obesity-inducing HFD for 12 wk to elicit peripheral insulin resistance and whole body glucose intolerance (8) . At the same time, a subgroup of rats was subjected to lower body immersion in hot water (41-C) for 20 min once a week for the course of the diet. Heat treatment completely prevented the development of glucose intolerance, fat deposition, and peripheral insulin resistance in the rats fed an HFD (Fig. 2 ). Our results demonstrate the ability of heat treatment to effectively lower fasting insulin levels and improve glucose clearance in response to a glucose tolerance test. Epididymal fat pad weight increased in rats fed an HFD, and this effect was blunted in rats subjected to weekly heat treatment. Body weight and food intake did not differ between HFD sham and heat-treated rats, suggesting increased metabolism in rats receiving heat treatment. Data from other laboratories in vivo (14) and in L6 muscle cells in our laboratory (8) Figure 1 . Regulation of the HSP defense mechanism. Stress (physical/chemical), change in physiological or pathophysiological states, or small-molecule activators such as bimoclomol/BGP-15 cause activation of the master regulator of the heat stress response, HSF-1. HSF-1 is a transcription factor maintained in the cytoplasm under tight negative regulation by phosphorylation. Phosphorylation by stress kinases GSK-3A, ERK, and JNK occurs on serine residues (Ser) 303, 307, and 363, respectively. The heat stress response is diminished in insulin-resistant tissue, where the activity of these kinases is increased, causing HSF-1 to remain inactive in the cytoplasm. Activation of HSF-1 results in nuclear translocation, binding to HSE, and transcription of new HSPs. HSPs function as mediators of the HSF-HSP defense system by reducing aging processes and apoptosis, enhancing signaling pathways and cytoprotection, and preventing misfolding of proteins. Stress kinases present a therapeutic target to improve the HSP defense response. HSF-1, heat shock factor 1; GSK-3A, glycogen synthase kinase 3; ERK, extracellular regulated kinase; JNK,c-Jun NH 2 -terminal kinase; HSE, heat shock elements; HSP, heat shock proteins. show that heat treatment improves fatty acid utilization. In this manner, heat treatment could simulate the effects of exercise on whole-body metabolism by increasing energy demand and decreasing the accumulation of free fatty acids and adipose tissue in the presence of an HFD.
Skeletal muscle is responsible for the majority (75%) of insulin-mediated glucose disposal in the body, making this tissue vital in maintaining whole-body insulin action and glucose homeostasis. Our recent findings demonstrate that heat treatment can effectively increase insulin-stimulated glucose uptake and insulin signaling intermediates in skeletal muscles from HFD-fed rats (8) . Furthermore, a single acute bout of heat treatment can increase insulin-stimulated glucose uptake in aged skeletal muscle (Geiger P, unpublished observations, 2010), much like a single bout of exercise training. Despite these findings, very little is known about the actions of HSP in skeletal muscle. HSP also were increased in the liver and adipose tissue as a result of lower body heat treatment, and metabolic changes in these tissues likely contributed to some of the improvements in whole-body glucose metabolism observed with heat treatment. The strong correlation between HSPs expression in skeletal muscle and whole-body glucose tolerance (4, 14) has directed our initial focus on the role of HSPs in skeletal muscle insulin action. Given the importance of skeletal muscle in mediating whole-body glucose uptake, this may be the ideal target tissue for the protective effects of HSPs.
ANTIINFLAMMATORY ACTION OF HSP IN SKELETAL MUSCLE
Chronic hyperglycemia is a well-established hallmark of diabetes and is strongly linked to enhanced reactive oxygen species (ROS) formation, advanced glycation end products and lipid peroxidation. Considerable support also exists for a role of ROS in modulating the aging process (2, 30) . Both aging and diabetes are associated with a decrease in plasma antioxidant levels (30) . Collectively, the imbalance of increased intracellular ROS and decreased antioxidant defense mechanisms has been strongly implicated in the development of insulin resistance. New findings indicate that oxidative stress activates multiple inflammatory signaling pathways capable of increasing serine phosphorylation of insulin receptor substrate 1 (IRS-1) and inducing insulin resistance. These include JNK, p38 mitogen-activated protein (MAP) kinase, inhibitor of nuclear factor JB (IKK/NF-JB), and GSK-3 (17) . Of these, JNK and IKKA are strongly implicated in the development of obesity and genetic models of insulin resistance. JNK and IKKA also have been associated with human pathology, and patients with diabetes have been shown to have elevated DNA binding of NF-JB, a reflection of increased IKKA activity. The strong evidence linking these inflammatory pathways with the development of insulin resistance has led to ongoing clinical trials using JNK and IKKA inhibitors. Prevention of insulin resistance with heat treatment was associated with activation of HSP72 and HSP25 and a decrease in the stress kinases JNK and IKKA in skeletal muscle. Evidence in the literature suggests a direct role for inhibition of JNK and IKKA by HSP72 and HSP25, respectively.
HSPs are known to interact with and regulate many transcription factors, signaling molecules, and kinases, including IKKA, Raf1, Akt, and JNK. Many of the HSPs exhibit antiapoptotic functions, and previous studies indicate that the antiapoptotic actions of HSP72 specifically target the JNK signaling pathway (22) . Evidence for HSP72 inhibition of JNK is based on studies in cell culture. Pretreatment of NIH 3T3 cells (fibroblasts) with mild heat shock suppressed UVstimulated JNK activity, whereas the use of HSP72 antisense oligonucleotides in these cells blocked HSP72 induction and abolished the suppressive effect of heat shock on JNK activation (24) . In response to an HFD, JNK phosphorylation was increased in both slow-twitch soleus and fast-twitch extensor digitorum longus (EDL) skeletal muscle, with the greatest increase seen in the EDL ((8) Fig. 3 ). Consistent with results from Chung et al. (4) , prevention of insulin resistance via increased HSP72 expression with heat treatment was closely associated with a decrease in JNK activation. HSP72 induction independent of heat treatment also results in decreased JNK activation. Previous studies in our laboratory examined the ability of the antioxidant lipoic acid to increase HSPs and prevent diet-induced insulin resistance in skeletal muscle (7) . Lipoic acid has demonstrated beneficial effects in several disease states characterized by increased oxidative stress, including insulin resistance, but it had not been previously identified as an inducer of the HSP response. Our findings revealed that daily lipoic acid treatment increased skeletal muscle HSP72 expression and decreased JNK activation to prevent diet-induced insulin resistance. Further evidence of HSP72-mediated JNK inhibition was observed by Chung et al. (4) using HSP72 transgenic mice. In response to an HFD, mice overexpressing HSP72 did not show an increase in JNK activation in skeletal muscle.
There are several possible mechanisms that could account for the HSP72 inhibitory effect on JNK activation. Direct binding of HSP72 to JNK could prevent activation of JNK by upstream kinases SAPK/Erk kinase 1 (SEK1) and MAP kinase kinase 7 (MKK7) (24) . Direct protein interaction also could inhibit the enzymatic activity of JNK or inhibit the interaction between JNK and its substrate, c-Jun. We have observed HSP72-JNK interaction in immunoprecipitation studies (Geiger, P., unpublished observations, 2010) in agreement with results shown in cell culture (24) . Although these data suggest an interaction between HSP72 and JNK, a mechanism for JNK inhibition cannot be inferred from these results. Additional inhibitory mechanisms include the ability of HSP72 to act on upstream phosphatases of JNK like MAP kinase phosphatase-1 (MKP-1) and MKP-3 or on another kinase upstream of JNK, dual leucine zipper-bearing kinase (DLK) (5, 22) . A recent study demonstrated HSP72 interaction with the carboxyl terminus of HSP70-interacting protein (CHIP), a ubiquitin ligase known to negatively regulate DLK expression and activity (5) .
Heat treatment and lipoic acid effectively increased phosphorylation of HSP25 and decreased IKKA in skeletal muscle from HFD-fed rats (7, 8) . Although less well characterized than the HSP72-JNK interaction, several studies have demonstrated an ability of HSP25 to inhibit IKKA, either by direct binding or through an, as yet, uncharacterized signaling intermediate (25) . Our results indicate that IKKA was increased with an HFD in both soleus and EDL muscles in rats (8) , whereas Chung et al. (4) observed an increase in liver p-IKKA in mice fed an HFD with no increase in skeletal muscle. Different measures of IKKA in the two studies, as well as possible species and muscle fiber-type differences could readily account for this difference. However, even in our own muscle fiber-type comparison, the ability of heat treatment to decrease IKKA varied. Phosphorylation of HSP25, a measure of its activation, was increased with heat treatment in the EDL muscle, and a corresponding decrease in IKKA was observed. In contrast, although IKKA activation was increased in response to an HFD, neither HSP25 phosphorylation nor IKKA activation was altered with heat treatment in soleus muscle. These findings suggest that IKKA may not play a significant role in soleus muscle insulin resistance because insulin signaling and glucose uptake were restored with heat treatment despite the lack of effect on IKKA. Constitutive levels of HSPs differ in fast-twitch and slow-twitch muscle, and HSP induction and function may depend on the oxidative capacity of the muscle fiber type.
HSP EXPRESSION AND SKELETAL MUSCLE OXIDATIVE CAPACITY
Results from our laboratory (6, 8) and others (21) demonstrate that HSP expression correlates with muscle oxidative capacity. HSP expression levels are considerably higher in the more oxidative soleus muscle compared with the fast-twitch EDL or epitrochlearis (EPI) muscles, for example ( Fig. 4 ). Our results also demonstrate a consistent finding of increased stress kinase activation in fast-twitch compared with slow-twitch muscles (6, 8) . We hypothesize that the combination of higher stress kinase activation and lower HSP expression, as occurs with age or obesity, could result in increased susceptibility to conditions of insulin resistance in skeletal muscle. This agrees with previous studies demonstrating that skeletal muscle HSP72 expression correlates with the degree of insulin resistance (3, 16) .
HSP72 mRNA expression also shows a positive correlation with mitochondrial enzyme activity in human skeletal muscle (3) . HSPs facilitate import of nuclear encoded proteins into the mitochondria, and are thus crucial in maintaining the structural and functional integrity of mitochondria (35) . This becomes especially relevant when mitochondria are stressed with nutrient overload and oxidative stress as occurs with obesity and aging. In cardiac cells, heat stress has been shown to enhance activities of the mitochondrial electron transport complexes, affording prolonged preservation of cardiac cells for transplantation (27) . In skeletal muscle, we demonstrated that heat treatment increased mitochondrial enzyme activity in the presence of an HFD (8) . As indicated, fast-twitch EDL muscles express low levels of HSPs compared with slow-twitch soleus muscles. However, heat treatment effectively increased HSPs in the EDL to levels similar to that of the more oxidative soleus muscles. Correlative to the robust HSP protein induction, mitochondrial enzyme activities and insulin sensitivity also were enhanced in the EDL muscles as a result of heat treatment compared with muscles from rats given an HFD and no heat treatment. Thus, improved mitochondrial integrity, enhanced mitochondrial energetic flux, and increased oxidative capacity resulting in enhanced mitochondrial enzyme activity may be an additional means by which increased HSP expression protects from skeletal muscle insulin resistance.
It is interesting to speculate that exercise-and heat treatment-induced HSPs protect mitochondrial function and insulin action in the skeletal muscle through similar mechanisms. Although the role of mitochondrial dysfunction in the development of insulin resistance is disputed (10), it is well known that increased oxidative stress caused by dysregulation of mitochondrial pathways is characteristic of insulin-resistant and diabetic muscle. Increased beta oxidation in response to excess fatty acid supply with an HFD, without a concomitant increase in downstream mitochondrial pathways and ATP demand, can result in a buildup of beta oxidation intermediates that increase proton leak and oxidative stress in the mitochondria (15) . This oxidative stress can in turn elevate stress kinase activation, further increasing the likelihood of insulin resistance. One way in which exercise training is thought to alleviate insulin resistance is through coordinated activation of mitochondrial pathways, such that the downstream electron transport chain (ETC) and TCA cycle intermediates are increased to a similar extent with beta oxidation. In this manner, beta oxidation and downstream TCA cycle metabolism are matched. Heat treatment, like exercise, could increase the demand of muscle cells for energy such that fatty acid uptake and utilization are matched, reducing the accumulation of free fatty acids and adipose tissue in the presence of an HFD (Fig. 5 ). This could account for the decreased epididymal fat pad weight in HFD-fed rats given heat treatment, despite no difference in body weight or food intake in these rats compared with sham-treated HFD-fed rats with much higher fat mass. Increased citrate synthase (CS) and cytochrome oxidase (COX) activity with heat treatment in EDL muscle from HFD-fed rats suggests increased activity of downstream mitochondrial pathways. In addition, our data from L6 muscle cells suggest that heat treatment can increase fatty acid oxidation and mitochondrial oxygen consumption (8) . Future studies are needed to assess the ability of chronic heat treatment to alter skeletal muscle fatty acid metabolism in conjunction with an HFD.
THERAPEUTIC POTENTIAL OF MODULATING THE HSP RESPONSE
Our findings suggest that greater constitutive HSP expression, and correspondingly lower stress kinase activation, at least partially protects slow-twitch muscle from age-related and obesity-induced insulin resistance. As a result, we hypothesize that maintenance or enhanced expression of HSPs could be a powerful tool in the prevention of insulin resistance and diabetes. The HSP response is a robust phenomenon induced by many stimuli, making it in some ways an ideal therapeutic target pathway. Hydroxylamine derivatives including bimoclomol and arimoclomol have demonstrated effectiveness against diabetic complications and in delaying neuro degeneration in rats (32) . BPG-15, a hydroxylamine derivative, has been shown to have insulin-sensitizing effects in ob/ob mice and Goto-Kakizaki rats (4) . Treatment of ob/ob mice with BGP-15 for 15 days resulted in increased HSP72 . Exercise-like effects of heat treatment improve mitochondrial function in skeletal muscle. Fatty acid oxidation (FAO) is a rich source of mitochondria-derived adenosine triphosphate (ATP) in healthy skeletal muscle. However, conditions of nutrient excess in obesity increase beta oxidation out of proportion with the demand for ATP in the muscle. As a result, oxidation products of lipids do not enter the tricarboxylic acid (TCA) cycle and electron transport chain (ETC) because of limited cycling of intermediates. This in turn causes mitochondrial accumulation of incomplete oxidation products, increased reactive oxygen species (ROS), and mitochondrial stress. Our data suggest that heat treatment increases FAO and also activities of downstream mitochondrial pathways as indicated by citrate synthase (CS) and cytochrome oxidase (COX) activities and enhanced oxygen (O 2 ) consumption. Uncoupling protein 3 (UCP3), a protein involved with ROS dissipation, also is increased as a result of heat treatment. Heat treatment mimics exercise by creating a demand for ATP that increases the flux through mitochondrial processes and balances increased FAO in the presence of excess lipid supply.
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Heat Shock Proteins Mediate Insulin Action 39 expression and decreased JNK phosphorylation in skeletal muscle, as well as increased insulin sensitivity as measured by hyperinsulinemic euglycemic clamp (4) . These findings demonstrate that pharmacological induction of HSP72 can improve insulin action in a genetic model of obesity in vivo. BGP-15 is not a member of the glitazone family, and its glucose lowering action is thought to be as a chaperone inducer or coinducer of the HSP response, as well as by induction of nitric oxide synthases. As a coinducer, the drug augments the naturally occurring heat stress response, rather than directly inducing HSPs (32) . Coinducers essentially act like ''smart drugs'' by selectively interacting only with cells subjected to stress, and these multitarget low-affinity drugs may be more efficient than single-target high-affinity drugs created through targeted drug design (31) . The efficacy and safety of BGP-15 were recently tested in insulin-resistant patients in a 28-day dose-ranging study (20) . Treatment with BGP-15 had no adverse affects and significantly improved insulin sensitivity in insulin-resistant nondiabetic patients compared with placebo. Further clinical studies with BGP-15 and other coinducers of HSPs are warranted based on these findings.
Other pharmacological means of increasing HSP expression exist, including the previously mentioned antioxidant lipoic acid. Lipoic acid does not modulate insulin action in lean or chow-fed rats (7) , which is indicative of an HSP response designed to mitigate adverse effects of an HFD rather than directly stimulate insulin action. Lipoic acid may directly activate HSF-1, although an exact mechanism has not been established. Resveratrol and curcumin are some examples of phytochemicals shown to improve glucose metabolism and increase lifespan (18, 33) . Interestingly, both of these chemicals also induce HSP72 expression (12, 26) . It has been proposed that phytochemicals mediate their action by stimulating production of antioxidant enzymes and protein chaperones as a protective mechanism against additional stress. These compounds demonstrate hormetic mechanisms of action, with beneficial effects at low doses that would have detrimental effects at higher doses. Some evidence exists to suggest that resveretrol inhibits the stress kinases JNK and GSK-3 that repress HSF-1 activation (34) . Interestingly, resveretrol acts to lower the temperature threshold of the heat stress response. This function of resveretrol would seem to pair well with heat therapy or exercise training as a combined therapeutic approach in humans.
Perhaps of greater interest, one of the best inducers of the HSP response is not pharmacological. Exercise elicits a number of metabolic adaptations and is a powerful tool in the prevention and treatment of type 2 diabetes. Exercise training also is a stimulus for increased HSP expression, although the underlying mechanism(s) for exercise-induced HSP expression are currently unknown. Exercise-associated hyperthermia is commonly suggested as the stimulus responsible for inducing an increase in HSP after exercise (19) . However, several studies suggest that elevations in muscle and core temperature Figure 6 . A. Inhibitory stress kinase regulation of insulin signaling and heat shock protein (HSP) expression. Oxidative stress in muscle activates stress kinases c-Jun NH2-terminal kinase (JNK) and inhibitor of nuclear factor (IKKA). These stress kinases serine phosphorylate the insulin receptor substrate-1 (IRS-1) and decrease insulin signaling by blocking IRS-1 tyrosine phosphorylation. Decreased signaling through Akt leads to increased activation of glycogen synthase kinase 3 (GSK-3), which can feedback and further increase IRS-1 serine phosphorylation. GSK-3 and JNK also can serine phosphorylate the HSP transcription factor heat shock factor 1 (HSF-1), on serine residues (Ser) 303 and 363, respectively. Chronic serine phosphorylation of HSF-1 by GSK-3 and JNK can inhibit HSF-1 and the HSP response. A decreased HSP response could result in the development and/or acceleration of a number of oxidative stressrelated disease states, including insulin resistance. Open shapes represent inactive proteins, dark filled shapes represent active proteins. B. Modulating HSPs to inhibit stress kinases and improve insulin signaling. Heat stress, exercise, and pharmacological interventions increase HSPs expression in skeletal muscle. Exercise could stimulate HSP expression through a pathway independent of heat stress, whereas GSK-3Ydependent activation of HSF-1 may be a common pathway of HSP activation. These pathways indicate the complex interregulatory relationship of stress kinases, insulin signaling, and HSP in skeletal muscle. Open shapes represent inactive proteins, dark filled shapes represent active proteins. ROS, reactive oxygen species. may not be the sole factors responsible for exercise-induced HSP expression. For example, HSP72 content was increased in rat soleus and gastrocnemius muscles after treadmill running, independent of an increase in core temperature (29) , and soleus muscle HSP72 production after exercise was enhanced when exercise was performed under elevated ambient temperature. If the HSP response to exercise occurs through a pathway independent of heat stress, then the combination of heat treatment and exercise, or pharmacological induction of HSPs in combination with exercise, may have an additive effect on HSP induction and dramatically improve insulin action in skeletal muscle. One possible mechanism for the exercisemediated HSP response is via inhibition of GSK-3 and subsequent activation of HSF-1. Previous studies suggest that activation of HSP72 in the heart occurs through phosphatidylinositol 3-kinaseYmediated activation of Akt and subsequent inhibition of GSK-3 (28) . Given the variable expression and response of HSPs in insulin-sensitive tissue, distinct regulatory pathways for the HSP response are likely.
CONCLUSIONS
There is still much we do not know about HSP function in skeletal muscle and other insulin-sensitive tissues. Future studies are needed to determine the complex interactions between HSPs, stress kinases, and insulin-signaling intermediates ( Fig. 6 ). Considerable evidence exists to suggest that modulating the HSP response in skeletal muscle could be a powerful tool in the prevention and treatment of insulin resistance. Lifelong overexpression of HSP72 in mice resulted in decreased age-related oxidative stress and protection from muscle damage (2) . Similar longevity studies on the effects of HSP on insulin action are needed. Animal studies have so far demonstrated that up-regulation of HSP72, regardless of the stimulus, results in protection from diet-induced and genetic models of insulin resistance. Promising new clinical trials demonstrate the safety and efficacy of HSP-inducing compounds to improve insulin sensitivity in humans. Future strategies aimed at enhancing the body's endogenous defense system of HSPs could have a profound impact on disease prevention and treatment.
